Rationale Women are increasingly prescribed selective serotonin reuptake inhibitors (SSRIs) during pregnancy, with potential implications for neurodevelopment. Whether prenatal SSRI exposure has an effect on neurodevelopment and behavior in the offspring is an important area of investigation. Objectives The aim of this paper was to review the existing preclinical and clinical literature of prenatal SSRI exposure on serotonin-related behaviors and markers in the offspring. The goal is to determine if there is a signal in the literature that could guide clinical care and/or inform research. Results Preclinical studies (n=4) showed SSRI exposure during development enhanced depression-like behavior. Half of rodent studies examining anxiety-like behavior (n=13) noted adverse effects with SSRI exposure. A majority of studies of social behavior (n=4) noted a decrease in sociability in SSRI exposed offspring. Human studies (n=4) examining anxiety in the offspring showed no adverse effects of prenatal SSRI exposure. The outcome of one study suggested that children with autism were more likely to have a mother who was prescribed an SSRI during pregnancy.
Introduction
Major depressive disorder (MDD) is widespread in women throughout the USA, with a lifetime prevalence of 16.5 % (Kessler et al. 2005) . Up to 15 % of women will suffer from depression while pregnant (Evans et al. 2001; Bennet et al. 2004; Gavin et al. 2005; Oberlander et al. 2006) . Recent studies report that 3 % of pregnant women take antidepressants for some portion of their pregnancy (Petersen et al. 2011) , most commonly selective serotonin reuptake inhibitors (SSRI), and the number of women being treated is increasing (Bakker et al. 2008; Petersen et al. 2011) . While antidepressant use during pregnancy has increased in the last decade, reflecting an increase in use by the general population, pregnancy is a major reason many women stop receiving antidepressants (Ververs et al. 2006; Petersen et al. 2011) . Most likely, pregnant women terminate antidepressant use due to concerns regarding potential adverse effects on the developing fetus. However, there can be difficulty teasing apart the relative contributions of maternal psychopathology versus the treatment of psychopathology on adverse pregnancy outcomes.
Indeed, maternal anxiety and depression have been implicated in poor pregnancy outcomes, including premature delivery, pre-eclampsia, impaired fetal growth, neonatal complications, and compromised fetoplacental function (Kurki et al. 2000; Bonari et al. 2004; Jablensky et al. 2005 ; reviewed in Gentile et al. 2010a; Chen et al. 2011) . Premature birth itself is linked to neurodevelopmental difficulties including cerebral palsy, fine or gross motor delay, cognitive impairments, and visual and auditory impairments (reviewed in Allen 2008) . Therefore, maternal depression should not be thought of as a benign presence. While antidepressant treatment is recommended for moderate to severe major depressive disorder during pregnancy (Yonkers et al. 2009 ), treatment may also have consequences on pregnancy outcome. Common adverse consequences reported with SSRI use during pregnancy are preterm birth and poor neonatal adaptation syndrome, which is similar to what adults may experience with discontinuation of antidepressant treatment and is characterized by irritability, sleep disturbances, tremor, rigidity, and limpness (Moses-Kolko et al. 2005; Gentile 2010b; El Marroun et al. 2012) . A recent study found a relative risk of 2.1 (95 % CI=1.0-4.6) for preterm birth primarily with continuous serotonin reuptake inhibitor use throughout pregnancy (Yonkers et al. 2012) . Another recent study found increased risk of hospitalization within the first year of life in children exposed to SSRIs; however, the most frequent cause was bronchiolitis, which has an unclear link to SSRIs themselves and may be associated with other exposures (Colvin et al. 2012) . The literature does not support an association between maternal SSRIs as a class and major congenital malformations (Alwan et al. 2007; Louik et al. 2007; Kornum et al. 2010) , although there is some evidence that certain SSRIs may increase the risk of cardiac septal defects, as fluoxetine was associated with an increased risk of isolated ventricular septal defects and paroxetine was associated with an increased risk of right ventricular outflow tract abnormalities (Malm et al. 2011) .
Serotonin (5-HT) is a broadly distributed neurotransmitter, with a vital role in both the developing and mature brain. Developmentally, 5-HT modulates a variety of processes, acting as a trophic factor overseeing cell division, neuronal migration, and synaptogenesis, among other important processes (reviewed in Gaspar et al. 2003; Bonnin and Levitt 2011 ). An emerging line of thought is that 5-HT plays a role in response to environmental factors by modulating neuroplasticity. Following this line of reasoning, increased levels of 5-HT could generate a propensity for the fetal central nervous system (CNS) to be influenced by anything that alters the intra-uterine environment. Therefore, individuals with low 5-HT would be less adversely affected by negative experiences; however, they benefit less from enriched environments as well (Kiser et al. 2012 ). This concept becomes even more intriguing when considering the high level of plasticity during fetal development. It is certainly possible that alterations in 5-HT homeostasis with SSRI during this time period could change an individual's reactivity to their environment, which depending on the environment could be deleterious or beneficial. In adults, the 5-HT system modulates mood, cognition, attention, arousal, and stress response (Lucki 1997; Anderson 2004 ). Levels of 5-HT are regulated by the serotonin transporter (SERT), which is the target of SSRIs. It is this increase in intra-synaptic 5-HT that is thought to trigger a chain of events, including a second messenger cascade, increased transcription of trophic factors as well as neurogenesis, which are hypothesized to contribute to behavioral changes, and symptom improvement. In comparison to our unfolding understanding of the mechanism of SSRI efficacy in adults, the molecular underpinnings of their pathway during fetal development are murky. Genetic deletion of SERT leads to a 7-9-fold increase in extra-neuronal 5-HT, as well as an overall decrease in the 5-HT found in tissue (reviewed in Kalueff et al. 2010) . Overall, in the presence of a genetic deletion of SERT, the developing fetal brain is likely exposed to alterations in 5-HT receptor function and density due to changes in extraneuronal and tissue 5-HT levels.
It is generally accepted that 5-HT serves a critical role in neurodevelopment. Whether alteration in the 5-HT system by treatment with SSRI during pregnancy leads to adverse behavioral sequelae is of utmost concern, yet poorly understood . SSRIs cross the placenta (Hendrick et al. 2003; Rampono et al. 2009 ) and therefore have the capability to impact the developing 5-HT system. However, the effect and extent of alterations remains an area of intense research, and it cannot be assumed that developmental perturbations are responsible for adult malfunction. In preclinical studies, there is increasing evidence that alterations in the 5-HT system during neurodevelopment, either by genetic manipulation or exposure to SSRIs, can produce persistent changes in central serotonergic function and behavior into adulthood. However, there is a dearth of studies examining behavior in children exposed to SSRI, and reports to date have not described findings from children beyond 72 months of age. In addition to its role in the CNS, 5-HT also participates in control of gastrointestinal secretion and motility, hemostatic processes, and cardiovascular activity. It is secreted peripherally by parafollicular cells in the thyroid, neuroepithelial cells in the lung, and enterochromaffin cells in the gut. Approximately 95 % of the body's serotonin is found in the bowel (Berger et al. 2009 ), making the GI system a prime target for SSRIs. However, the impact of prenatal SSRI exposure on the development and function of these systems has not been investigated in preclinical models, but such studies are underway in human subjects (Bakker et al. 2010; Niejenhus et al. 2012a, b) . This review focuses on the emerging animal and human studies examining the impact of SSRI exposure on CNS development and addresses the strength of the signal concerning the effect of SSRI on serotonin-related behaviors and functions in those offspring exposed prenatally.
Serotonin manipulation effects on brain and behavior: preclinical studies
Animal research paradigms
A central difficulty in examining the contribution of prenatal SSRI exposure to the development of behavioral disturbances in human offspring is the need to differentiate the effect of illness from its treatment. Animal models allow for standardization of timing and extent of SSRI exposure or other serotonin system manipulation, providing control that is lacking in human subjects studies. Scientists are able to measure behavioral changes thought to be reflective of depression, anxiety, and social behaviors in mice with a variety of paradigms, though some of these behavioral changes may be better described as sensitive to pharmacological intervention rather than manifestations of the human experience of "depression" per se. They certainly permit examination of the impact of pharmacological and genetic manipulations. For example, increased immobility in the forced swim test (FST) is decreased by administration of acute or chronic antidepressant medications in adult rodents (Lucki et al. 1997) . Also in adult rodents, increased latency to feed in the novelty induced hypophagia test (NIH) is reversed by chronic, but not acute, antidepressant treatment (Merali et al. 2003) . The latter paradigm has temporal validity, as it reflects the time course needed to observe clinical benefit in humans undergoing SSRI treatment for affective disorders. The open field test and elevated plus maze are both paradigms that rely on a rodents inherent mistrust of open, brighter spaces, and are sensitive to the effects of benzodiazepines, which are used in humans to treat anxiety. The evaluation of social interaction is a less standardized process, with a variety of paradigms being implemented by individual studies. One such paradigm involves placing the mouse in a three-chambered apparatus, and measuring the amount of time it spends with a novel mouse placed in a cylinder, versus a cylinder enclosing an inanimate object (Sankoorikal et al. 2006) . Certain mouse strains, as well as certain mouse models of psychiatric disorders (e.g., schizophrenia), will spend less time interacting socially with the novel mouse (Sankoorikal et al. 2006; Halene et al. 2009 ).
These and other behavioral paradigms can be used to examine both the effect of medications as well as the effect of genetic manipulations on brain function and behavior. Animal studies also enable the examination of the timing of exposure and the impact on behavior across the developmental trajectory of the offspring, which is difficult to do in humans. However, one challenge in interpreting and comparing data both between studies as well as between rodents and humans is variations in the type, duration, and timing of the exposure, as well the type and timing of the behavioral assessment, as seen in Fig. 1 . Exposure to SSRI throughout pregnancy and early development may be very different than a limited exposure during late gestation, potentially as is behavioral testing during a juvenile period versus adulthood. Also demonstrated in this figure is the relationship between human time points and rodent time points, i.e., the first 3 weeks of life in rodents is roughly equivalent to the third trimester in humans (Clancy et al. 2001; Nagarajan et al. 2010) . It may be noted that other authors suggest that, in terms of hippocampal development, the first week of life in rats is comparable to the third trimester gestational period of humans and the second week of life corresponds roughly to the first year of life in humans (Avishai-Eliner et al. 2002) . Overall, these studies underscore the point that the rodent brain is essentially born "premature", which may have implications in its development. Finally, it is important to keep in mind that while clinical studies are carried out in individuals that are ill, some animal studies are performed in healthy animals. These limitations should not overshadow the tremendous potential of animal studies to contribute to our understanding of the impact of prenatal SSRIs; rather they highlight the need for future studies to take these issues under advisement.
Impact of genetic and pharmacologic manipulations on depression and anxiety
The consequence of altering 5-HT homeostasis during development by targeting SERT has been accomplished with both genetic deletion and SSRI administration. While in utero administration of SSRIs can be time limited, and provides a temporally refined investigation of the effects of a serotonin manipulation on neurodevelopment and behavior, genetic inhibition of SERT in the knockout mouse model is enduring, from development through adulthood, and leads to worsening performance in paradigms designed to measure depressivelike symptoms (Lira et al. 2003) . This may seem paradoxical, as it is inhibition of this very transporter by SSRIs that is thought to initiate the cascade responsible for its positive antidepressant and anxiolytic effects in adult rodents. However, the effect of inhibiting SERT function during development is likely to be different than inhibiting it during adulthood. Indeed, the SERT knockout mice had fewer 5-HT immunopositive neurons, which could account for the behavioral changes seen. It is also worth noting that the offspring are carried by a genetically altered dam, and the maternal alteration could potentially influence both the intrauterine environment during gestation as well as maternal behavior. Indeed, transient inhibition of SERT with SSRI during development was carried out with a variety of treatment paradigms, yielding mixed results, and there is substantial heterogeneity on how this is characterized in the literature ( Fig. 1 ; Table 1 ).
Ansorge et al., using fluoxetine at therapeutically relevant doses during postnatal days 4-21, which is roughly equivalent to the third trimester of pregnancy and early infancy in human development, produced a similar abnormal phenotype in adult mice as that seen with genetic SERT deletion throughout development (Ansorge et al. 2004 (Ansorge et al. , 2008 . Likewise, several studies, utilizing medications at therapeutically relevant doses, demonstrate that prenatal or early postnatal exposure to an SSRI in mice increases anxiety-like behavior in adulthood (Ansorge et al. 2004 (Ansorge et al. , 2008 Noorlander et al. 2008; Olivier et al. 2011; Smit-Rigter et al. 2012) . However, several studies using SSRI during development did not result in increased anxiety in adulthood (Hansen et al. 1997; Bairy et al. 2007; Popa et al. 2008; Ribas et al. 2008; Harris et al. 2011; Rayen et al. 2011) (Table 1 ). These discrepancies may arise from the differences between studies with respect to paradigms, strain of rodents, and type and timing of the SSRI administered. Namely, it is possible that using citalopram, with a shorter half-life than fluoxetine, administered during a different time period, and then testing for an anxiety phenotype in a different paradigm (e.g., the EPM instead of NIH) will lead to divergent results.
Similar to findings with genetic inactivation of SERT, rodent studies have suggested that prenatal or early postnatal exposure to SSRIs results in depressive-like behavior when the rodent is tested during adulthood (Hansen et al. 1997; Lisboa et al. 2007 ). An additional study of only female mice revealed an increase in anhedonia and behavioral despair following neonatal treatment with escitalopram. Of note, the depression-like symptoms were reversible when the mice were treated with chronic SSRI as adults (Popa et al. 2008 ). In the FST, prenatal stress exposure led to a reduction in immobility while surprisingly treatment with fluoxetine initiated on postnatal day 1 (equivalent to prenatal administration in humans) reversed this effect of stress, essentially enhancing immobility, a depression-like behavior. On a cellular level, fluoxetine treatment reversed the prenatal stress-induced decrease in neurogenesis, suggesting a disconnection between cellular changes and resulting behaviors (Rayen et al. 2011) . Further discrepancies are demonstrated by a study where prenatal and lactational SSRI exposure did not alter behavior in the FST or elevated plus maze in males. However, female pups did demonstrate increased immobility in the FST (Lisboa et al. 2007 ). There are few animal studies examining sex differences in these behavioral paradigms, which is notable both because prenatal stress does demonstrate sex differences in effects on behavior (Bale 2011 ) and because depression is more prevalent in females (Fava and Kendler 2000) .
Therefore, the preclinical signal with respect to the offspring's behavior after serotonin manipulation during development is decidedly mixed, in terms of increased risk for anxiety or depressive-like symptoms. While genetic deletion of SERT has a clearer effect, with increased levels of anxiety in the offspring, pharmacologic treatment does not reach this level of consistency. Therefore, developmental exposure to SSRI does not equate to genetic SERT manipulation, and how relevant these data are to human subjects may be limited and is unclear at this time. In addition to its role in affective states, 5-HT contributes to complex social behaviors in mammals. The neural circuit mediating 5-HT influence on social interaction is a complex one, with contributions from the amygdala, hippocampus, medial prefrontal cortex, sensory cortex, insular cortex, and orbitofrontal cortex each responsible for various components (Olsson and Phelps 2007) . Genetic variations in SERT have been found to influence multiple levels of social interactions, from maternal attachment to social play, social hierarchy establishment to aggression. For example, SERT knockout rats with increased extracellular 5-HT demonstrate decreased social play behavior, such as chasing and pouncing. Of note, acute treatment with fluoxetine also decreased social interaction in peri-adolescent wild-type rats in this study (Homberg et al. 2007 ). An alternative interpretation of these results, as the authors themselves concede, is that the treated rats had increased levels of anxiety, which they did not investigate.
There are several preclinical studies that do demonstrate that juvenile rodents exposed to prenatal or neonatal SSRI show deficits in social interaction (Olivier et al. 2011; Rodriguez-Porcel et al. 2011; Simpson et al. 2011 ) though this finding was not replicated in all studies (Hansen et al. 1997) (Table 1) . Furthermore, Olivier et al. also showed that the citalopram-treated rats had reduced corpus callosum myelin formation, leading to a reduction in callosal connectivity. This is reminiscent of findings in humans, where patients with autism spectrum disorders (ASD) have a reduction in corpus callosum size (reviewed in Brambilla et al. 2003; Egaas et al. 1995; Piven et al. 1998) . Rats treated with a 5-HT agonist during development had overreaction to auditory and tactile stimuli as well (Kahne et al. 2002) . In terms of aggression, cerebrospinal fluid (CSF) 5-hydroxyindoleacetic acid (5-HIAA; the major metabolite of 5-HT) levels are inversely correlated to aggressive behaviors in rodents, primates, and humans (reviewed in Kiser et al. 2012) . A preclinical study in mice demonstrated that prenatal treatment with paroxetine throughout gestation lead to increased male aggression during cage changes (Coleman et al. 1999) , suggesting that prenatal SSRI may lead to an overall reduction in 5-HT levels, though this is by no means conclusive.
While on a preclinical level, there is some evidence demonstrating potential contributions of prenatal SSRI treatment to the development of neurochemical and behavioral findings consistent with ASD, such as a reduction of corpus callosum size, the significance of these and other findings to humans needs further elucidation. For instance, prenatal exposure to citalopram leads to increased locus coeruleus (LC) activity in male rats (West et al. 2010; Darling et al. 2011) . However, the contribution of an increase in LC activity to behaviors typical of individuals with ASD remains unclear. The majority of the focus on the pathophysiology of ASD has been on 5-HT, not NE. However, one recent study suggests norepinephrine may play a role in some cognitive deficits found in ASD (Bodner et al. 2012 ).
Impact of pharmacologic intervention on hypothalamic-pituitary-adrenal (HPA) axis regulation MDD frequently occurs in the context of acute or chronic stress and is often associated with relative hyperactivity of the HPA axis (reviewed in Claes 2009). The relationship becomes more complicated during pregnancy, when the maternal HPA axis is incorporated into a more complex system, where the placenta is in the main source of corticotropin-releasing hormone (CRH) production (McLean et al. 1995) . Whereas maternal cortisol exerts a negative effect on the hypothalamus, it has a positive effect on placental CRH (pCRH) synthesis (Marinoni et al. 1998 ). In addition, circulating pCRH increases production of maternal cortisol, creating a feed-forward maternal-placental HPA system. The HPA axis is a major part of the neuroendocrine system, overseeing many interactions between the brain, glands, and hormones. The establishment of an intact HPA axis is important in regulating an individual's response to stress as well as homeostatic control mechanisms. Indeed, it is hypothesized that the increased risk of developing depression conferred to children of depressed mothers may be transmitted through suboptimal development of the fetal HPA axis (reviewed in Glover et al. 2010) . HPA axis dysfunction could potentially lead to decreased stress tolerance as well as a host of medical problems including metabolic and cardiovascular difficulties (McEwen et al. 2008) .
There are major interactions between 5-HT and the HPA axis that are potentially susceptible to prenatal SSRI exposure (reviewed in Andrews and Matthews 2004) . First, alterations in 5-HT in the hippocampus during certain developmental stages could lead to permanent changes in hippocampal glucocorticoid receptor expression and consequently its autoregulation. Furthermore, since 5-HT is also involved in regulating neurons releasing CRH in the hippocampus, in theory, prenatal modifications in the fetal 5-HT system could directly alter the development and long-term function of the offspring's HPA axis. Both of these phenomena could occur independently or in coordination, and it is unclear whether SSRI exposure would preferentially impact one or the other.
Questions have emerged regarding whether prenatal treatment with antidepressants has an impact on the developing HPA axis in infants. Preclinical studies in rats demonstrated that neonatal clomipramine (a tricyclic antidepressant that inhibits 5-HT, NE, and DA transport) exposure not only increased circulating corticosterone levels but reduced suppression of corticosterone secretion in a dexamethasone challenge (Ogawa et al. 1994; Prathiba et al. 1998) , reflecting an overall activation of the in HPA axis. In addition, fetal plasma cortisol and ACTH significantly increased after chronic maternal fluoxetine administration in a sheep model (Morrison et al. 2004 ). However, a study examining adolescent rats exposed to neonatal fluoxetine demonstrated decreased expression of the glucocorticoid receptor in the hippocampus, and decreased circulating corticosterone, primarily in male offspring (Pawluski et al. 2012a ). Of note, this effect was found regardless whether the offspring were born to either stressed or non-stressed mothers. Furthermore, when prenatally stressed rats were administered fluoxetine during postnatal weeks 1-3, their corticosterone response to stress was normalized, alongside serotonin turnover in the hippocampus, density of dendritic spines and synapses in the hippocampal CA3 region, and spatial learning (Ishigawa 2005) . These studies raise the possibility that prenatal SSRI exposure could reprogram the developing HPA system.
Effects of serotonin manipulation on brain and behavior: clinical studies

Affective behaviors
Unlike preclinical models in which all environmental factors can be controlled, human subjects studies examining the impact of prenatal SSRI exposure on behavioral outcomes are taxed with the burden of considering the impact of the psychiatric disorder for which the drug is being prescribed. One may consider studies in which children were exposed in utero to maternal psychosocial distress without psychotropic medication exposure. However, maternal psychosocial distress frequently continues into the postnatal period, potentially another time of heightened risk for negative effects on infant neurodevelopment (Kingston et al. 2012) .
It is therefore important to keep in mind, when examining potential effect of SSRI treatment on development, that longterm behavioral change can occur secondary to antenatal exposure to stress, depression, and anxiety. There are several independent prospective studies that demonstrate that antenatal stress and anxiety contribute to increased anxiety and altered stress response in children (reviewed in Talge et al. 2007; O'Connor et al. 2005 O'Connor et al. , 2012 Davis and Sandman 2012) . Of note, the stressors examined in these studies ranged from daily hassles to proximity to the World Trade Center attack on 9/11/2001, and the severity of both anxiety and depression in the mother was not always in the clinical range. This suggests that traumatic levels of stress, leading to clinically significant symptoms, are not required for a behavioral outcome in the offspring.
Generally, several studies have suggested that SSRI exposure during pregnancy does not have a detrimental effect on broad measures of behavioral development as measured by global IQ, language development, or child's behavior, as assessed by an age-appropriate neurobehavioral scale, such as the Child's Behavior Checklist or the Bayley Scales of Infant Development (Nulman et al. 1997 (Nulman et al. , 2002 (Nulman et al. , 2012 , and even improve language development (Weikum et al. 2012) . A more complicated question is whether mothers treated with SSRIs for their depression or anxiety have children with increased or decreased anxiety. Clinically, the correlate to anxiety in children is internalizing behavior. Internalizing behaviors are defined as depression, irritability, anxiety, emotional reactivity, and withdrawal. These are different than typical externalizing behaviors, such as emotional outbursts, noncompliance, and aggressive behavior. There is no evidence that SSRI treatment during pregnancy causes an increase in internalizing behavior in infants or children Oberlander et al. 2007 Oberlander et al. , 2010 Nulman et al. 2012 ) (see Table 2 ), which does not correlate with some preclinical findings described previously. Maternal depressed mood led to an increase in externalizing behavior at age 3 years, independent of SSRI treatment. In addition, an increase in externalizing behavior at age 3 was associated with maternal anxiety and depression at that time point, independent of prenatal SSRI exposure as well (Oberlander et al. 2010 ). Finally, a recent study of 4-5-year-olds demonstrated that prenatal antidepressant exposure was not associated with behavioral or emotional problems, and in fact those children exposed to untreated prenatal maternal depression were more likely to have behavioral problems (Pedersen et al. 2013 ).
Therefore, while preclinical studies suggest that prenatal SSRI treatment or other serotoninergic manipulation lead to behavioral changes reflective of mood symptoms and anxiety in rodent models, this has yet to be observed in a clinical population. Future studies, with larger sample sizes and at later time points in development, are needed to clearly establish the separate effect of maternal mood, and its treatment, on affective disorders in children. This may be particularly important with respect to internalizing behaviors as depression and anxiety disorders are more likely to occur in females, and in both male and females to have their onset after puberty.
Social behaviors
Given the increase in number of children diagnosed with ASDs (Kogan et al. 2009 ) and its neurodevelopmental trajectory, investigators are rightfully questioning the role of prenatal factors in contributing to risk for ASDs. With 5-HT's role in complex social behaviors and the aforementioned results from preclinical studies, it is not surprising that the relationship between prenatal SSRI use and ASD has been recently investigated. Croen and colleagues (2011) compared children with ASD with randomly selected healthy controls and reported that children with ASD were twice as likely to have had a mother who was taking an SSRI immediately prior or during pregnancy than children in the comparison group (prevalence 6.7 % vs. 3.3 %) (see Table 2 ). This risk was not found for children whose mothers had a history of mental illness in the absence of SSRI treatment. They found the strongest effect (3.8 adjusted odds ratio) with treatment during the first trimester. However, there are many caveats to this study, and the authors do not come to the conclusion that SSRIs themselves lead to increased rates of ASD. Namely, maternal psychiatric illness, including depression for which SSRIs are a treatment, is also a risk factor for development of ASD (Larsson et al. 2005; Daniels et al. 2008) . The study by Croen et al. relied on medical records to specify medication use, which is fraught with limitations and presence of a sibling affected with ASD was not a factor in the analyses. A clearer interpretation is that a child with ASD is more likely to have a mother who has a psychiatric disorder such as depression or anxiety, requiring SSRI treatment.
In order to answer the questions posed by the preclinical data, and this preliminary clinical result, further prospective studies examining a relationship between treatment with SSRI and development of autism and autism spectrum disorders are needed. As described above, there are emerging data that social behavior in rodents may be negatively affected by prenatal SSRI exposure, with neuroanatomical changes reflecting those found in humans with ASD.
HPA axis
Work conducted in a clinical population demonstrates that prenatal exposure to a SSRI is associated with decreased basal salivary cortisol in infants at 3 and 6 months of age (Oberlander 2008a; Brennan et al. 2008) , and decreased cord blood cortisol (Davidson et al. 2009 ). This mirrors recent preclinical findings (Pawluski 2012a) . Furthermore, corticosteroid binding globulin, which has a key role in transporting serum cortisol therefore regulating the amount of "free" cortisol that is able to enter target tissues, was found to be increased in newborns (Pawluski 2012b) . Together, these studies suggest that perhaps prenatal exposure to SSRI buffers the infant from increased HPA reactivity and at the very least indicates that the developing HPA axis is indeed influenced by prenatal SSRI exposure (see Table 2 ). The exact mechanism remains unclear. Of note, maternal mood, not prenatal SSRI exposure, was associated with methylation of the glucocorticoid receptor gene (NRC31) and HPA stress reactivity (Oberlander et al. 2008b) . Translational studies, utilizing emerging epigenetic techniques, will be important in teasing out the differential effect of maternal mood and its treatment on outcomes in the offspring.
Psychomotor development ASD and mood disorders are illnesses that develop over time, making them somewhat more challenging to assess in regards to their link to SSRI treatment in utero. Psychomotor development in newborns and infants, as quantified by wellestablished tests, provides a more immediate time point to determine whether maternal SSRI treatment has altered infant neurodevelopment. In one study, children born to depressed mothers who were treated with SSRIs during pregnancy demonstrated lower APGAR scores and Bayley psychomotor development scores (controlling for lower APGAR scores) than those born to untreated depressed mothers (Casper et al. 2003) . In addition, a follow-up study demonstrated that a longer duration of treatment was associated with a lower score on the psychomotor portion of the Bayley rating scale (Casper et al. 2011) . Another study showed that children born to depressed mothers who were treated with SSRI in the second or third trimester sat and walked later than those born to untreated depressed mothers, though they still were within the normal range of development, and by 19 months of age the differences had resolved . Intrauterine assessment of psychomotor development has been performed as well. One study found that standard and high doses of SSRI lead to increased motor activity at the beginning and end of the second trimester, as well as continual body movement, reflective of impaired non-REM sleep, during the third trimester (Mulder et al. 2011) . Increased motor activity was also found immediately following birth (Zeskind and Stephens 2004) .
However, an additional study prospectively examining mothers treated with fluoxetine or tricyclic antidepressants and comparing them to a control group found no effect on psychomotor outcome as measured by the Bayley scale (Nulman et al. 2002) . No significant differences on the Brazelton Neonatal Behavioral Assessment Scale were found between a group of depressed untreated mothers, depressed treated mothers, and a control group either (Suri et al. 2011) . A recent study attempted to tease apart the role of maternal depression from exposure to SSRI using neurobehavioral outcomes prior to 3 weeks of age. They found distinct neurobehavioral profiles when comparing infants exposed to maternal depression to those exposed to maternal depression and SSRI. Infants exposed to depression alone had higher quality of movement scores, which is a measurement of the smoothness and maturity of movement as well as the presence of startles and tremors. However, they received lower attention scores than control or depression plus SSRI-exposed infants (Salisbury et al. 2011) . Hence, some domains of behavior and neurodevelopment may be adversely affected by SSRI exposure while others are more sensitive to the effects of maternal mental illness (see Table 3 ). Until replicated in larger samples, these data need to be viewed with caution keeping in mind the multiple detrimental effects of maternal mental illness on pregnancy and infant outcomes.
Pain reactivity
5-HT has an inhibitory role in nociception at many levels, from skin through the spinal cord, to the thalamus and cortex. Preclinically, exposure to fluoxetine during pregnancy and lactation did not alter nociception in a rodent model (Lisboa et al. 2007 ). colleagues (2002, 2005) investigated whether alteration in 5-HT secondary to prenatal SSRI exposure leads to increased inhibition of a pain response. An initial study in newborns suggested that infants exposed to SSRI demonstrated both a blunted facial response as well as increased parasympathetic response, as measured by cardiac modulation, when compared with unexposed infants (Oberlander et al. 2002) . A follow-up study further characterized these findings by examining 2-month-olds with the hypothesis that they would also demonstrate blunted facial response, alongside an increased parasympathetic response, in response to a noxious event. While blunted facial-action responses were observed in infants with prenatal SSRI exposure alone, those infants with both pre-and postnatal exposure (through breast milk) did not demonstrate a blunted response. Furthermore, both prenatal and postnatal SSRI exposure was associated with reduced parasympathetic withdrawal and increased parasympathetic cardiac modulation during recovery, in contrast to the initial hypothesis (Oberlander et al. 2005) . Of note, levels of SSRIs in infant serum were very low, making it difficult to discern possible mechanisms through which it could contribute to these findings. The concern regarding these findings as a whole is that neonates exposed to SSRIs could have altered ability to react to external stimuli. However, the long-term clinical implications of these findings remain unclear. At this time, alterations in pain reactivity and psychomotor development are limited to serving as early markers of potential changes in neurodevelopment, without clear clinical implications or impact. Moreover, it is not yet clear whether these observed effects of prenatal SSRI exposure on pain reactivity endure past the first few months of life (see Table 3 ).
S100B: a potential biomarker of risk?
The development of the 5-HT system occurs through autoregulation Whitaker-Azmitia 2001) . Current theory holds that it does so in conjunction with the protein S100B, an astroglia-specific calcium-binding protein . In low (nanomolar) concentrations in tissue culture, S100B promotes neuronal outgrowth and survival (Winningham-Major et al. 1989; Selinfreund et al. 1991) . However, higher (micromolar) levels of S100B can be cytotoxic (Fano et al. 1993) . In rodent models, decreased levels of S100B are found following several prenatal manipulations including stress (Van den Hove et al. 2006 ) and cocaine (Akbari et al. 1994) exposure. Such prenatal exposures, and concomitant S100B deficits, are associated with altered central serotonin levels, supporting the theory that increased extracellular serotonin levels (e.g., following SSRI exposure) in the developing brain may hinder the growth of 5-HT neurons via autoregulation. This may subsequently impede astroglial maturation and thereby delay the release of S100B. However, mice with a genetic deletion of S100B demonstrated normal development of the 5-HT system, suggesting at the very least that there are compensatory mechanisms in existence (Nishiyama et al. 2002) . Clinically, infants exposed to prenatal SSRI demonstrated decreased cord blood serum S100B levels, controlling for prenatal maternal mood. Also of note, S100B levels did not correlate to behavioral characteristics in infants. Furthermore, prenatal SSRI had the opposite effect on maternal S100B levels, perhaps reflecting a difference on the effect of SSRI on the mature versus developing brain (Pawluski et al. 2009 ). One caveat is that it is unclear how much peripheral S100B levels reflect central nervous system levels of that protein. Overall, these findings support the theory that decreased level of S100B, a biomarker, following prenatal SSRI exposure could potentially reflect an alteration in the developing nervous system. However, these cohorts were not examined at later time points to evaluate when S100B levels normalized or if there were any longlasting behavioral differences between the two groups. Therefore, it remains to be determined if there is a long-term developmental risk and whether S100B is a potential useful biomarker of this risk (see Table 3 ).
Conclusions
Whether or not a pregnant woman with depression should be started on an antidepressant is a highly personal choice, to be made by the mother and her significant other, with the guidance of her physician. Unfortunately, confusion remains over whether the choice to seek pharmacologic treatment to alleviate illness has untoward, negative outcomes for fetal and child development. This uncertainty prevents women from seeking treatment and may add a burden of stress and guilt to women who require medications for psychological stability. With increasing numbers of women on SSRI medications during pregnancy, increased awareness of psychiatric illness in children, and recent litigations regarding birth defects in exposed infants, the onus is upon us as investigators to determine the safety profile of these medications with respect to fetal development and pregnancy outcome. Currently, we are presented with the thorny issue of reconciling the preclinical evidence suggesting that alterations in the developing 5-HT system caused by SSRI exposure may lead to dysfunction in some 5-HT-dependent behaviors with the clinical literature largely supporting the safety of prenatal SSRI exposure with respect to infant neurodevelopment. Caveats to this discussion include the possibility that we are not looking at the appropriate behavioral outcomes, at the appropriate time points, and that current sample sizes are insufficient.
Reliance on animal models to predict both the safety of prenatal drug exposure has a mixed and unfortunate history, thalidomide being one notable example. While thalidomide teratogenicity is well documented in humans, rats did not demonstrate physical deformities mirroring human results and therefore were of limited use in predicting outcomes for the offspring (Greek et al. 2011) . There is some evidence for increased rates of autism and mental retardation in children exposed to thalidomide, and one study has demonstrated that rats exposed to prenatal thalidomide had deficits in the Cincinnati water maze, a test of sequential learning. Of note, they did not demonstrate deficits on a wide variety of other behavioral paradigms, providing further demonstration of the divergence between rodent models and humans (Voorhees et al. 2001) . Preclinical and clinical studies of prenatal benzodiazepines, another class of medications frequently prescribed during pregnancy, provide yet another example of such a discrepancy. Initial studies in rodents demonstrated an increased risk of cleft palate following prenatal benzodiazepine exposure (Miller and Becker, 1975; Wee and Zimmerman, 1983) , and genetic manipulation of the GABAergic system, the target of benzodiazepines, produced cleft palates as well (Culiat et al. 1995; Condie et al. 1997) . However, a casecontrol study and a meta-analysis of human studies did not find an increased risk of cleft palate following prenatal benzodiazepine exposure (Rosenberg et al. 1983; Dolovich et al. 1998) . Animal studies are only one component of the rubric that guides pharmacologic treatment of prenatal psychiatric disorders; there is a great need for translational studies that effectively bridge the divide between preclinical and clinical findings. For example, looking at biomarkers and imaging data in children exposed to developmental SSRI and contrasting them with findings in rodent models would help confirm or discard certain hypotheses. This would expedite the vetting process for prenatal medication safety and determine whether there are indeed long-term effects in the offspring.
Certainly, prenatal exposures to other stimuli, such as maternal diet, smoking, and maternal drug use, have a long-lasting impact on the offspring. Maternal obesity has been linked to an increased rate of obesity in the offspring (Schack-Nielsen et al. 2010 ) as prenatal and early postnatal environments play an important role via epigenetic processes (reviewed in Lillycrop and Burdge 2011) . Maternal obesity can have more widespread outcomes than obesity in the offspring. For example, preclinical studies have shown that maternal obesity altered dopamine transporter and μ-opioid receptor levels in key brain regions in progeny, who also showed an increased preference for high-fat diet (Vucetic et al. 2010) . In terms of maternal tobacco use, which is more common in pregnant women with depression, there are both epidemiological studies and animal studies that demonstrate smoking during pregnancy has negative effects on fetal development. There are also deleterious long-term consequences on postnatal development including low birth weight, increased risk of sudden infant death syndrome, and behavioral disorders including attention deficit hyperactivity disorder, as well as externalizing and internalizing behavioral problems (reviewed in Abbot and Winzer-Serhan 2012). Prenatal exposure to drugs of abuse also has a longterm impact. Prenatal cocaine use, of particular relevance because it targets monoamine reuptake, leads to alterations in attention, social behavior, stress response, and aggression in the offspring (reviewed in Williams et al. 2011) . Of note, these exposures have clearer clinical outcomes in the offspring, unlike SSRIs. This further demonstrates the need to pinpoint whether the signal is not there following SSRI exposure or whether it is being missed due to the current approaches being taken.
What are the next steps in moving the investigation of prenatal SSRI treatment down the translational path? Quantitative outcomes, such as biomarkers, would certainly be useful to guide treatment practices. As seen above, S100B has the potential to reflect changes to the 5-HT system caused by prenatal SSRIs; however, it did not correspond to behavioral changes in infants. Brain-derived neurotrophic factor (BDNF) has reliably been shown to respond to chronic antidepressant treatment in adult animal models, is altered by stress, responsive to changes in ovarian hormones, and demonstrates changes across development (Epperson and Bale 2012) ; however, studies have not examined its role in preclinical or clinical prenatal SSRI treatment to date. Additional studies of changes in gene regulation following SSRI exposure, such as the one carried out by Oberlander and colleagues implicating the human glucocorticoid receptor, are also merited. Towards this end, a recent study examining cord blood demonstrated that prenatal exposure to SSRIs did not lead to large-scale changes in methylation in infants, and further studies such as these are warranted (Schroeder et al. 2012) . Finally, the debate over the safety of prenatal SSRI serves as a good illustration of the challenges encountered at the junction of psychiatry and neuroscience. While there is a real clinical need for treatment modalities for patients struggling with depression and anxiety, the preclinical investigations measuring the effects of these interventions are still underway. Treatment should not be withheld, but rather investigations should intensify and results incorporated into daily practice.
